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A GEANTA4-based full Monte-Carlo model is developed to simulate the performance of the endcap time-of-
flight (TOF) system of the BESIII detector with high accuracy and sufficient speed. Experimental data of
e*e™ collisions collected at BESIII are used to test this model, which can also be applied to other cases for
precisely simulating optical photons propagating in scintillators with an irregular geometry.
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1. Introduction

BESIII [1] is a new spectrometer located at the upgraded Beijing
Electron Positron Collider (BEPCII), which runs in the t—charm
physics [2] energy region (./s=2—4.6GeV). One of the sub-
detectors, the time-of-flight (TOF) system used for trigger and
particle identification (PID), is made of plastic scintillators arranged
to form a barrel and two endcaps. Reliable Monte-Carlo (MC)
simulation plays an important role in understanding the TOF
system and minimizing systematic uncertainties in physics ana-
lysis. It is therefore desirable to build a precise simulation model
based on first principles and physical laws, rather than parame-
terised models inferred from experimental data [3]. We choose to
base the model on GEANT4 [4,5] and it should incorporate all
physics processes related to the generation and propagation of
optical photons (photons with the wavelengths much greater than
the typical atomic spacing) in scintillators, the optical and electrical
signal generation in photomultiplier tubes (PMT), the electrical
signal propagation and processing in the readout electronics and
the mixing of the signal with beam-related backgrounds.

A full simulation of a large number (of order 10°) of e*e™
collisions (‘events’) would require huge computing resources,
given that each event requires the simulation of a large number
(up to 10°) of optical photons resulting from the interactions of
primary and secondary particles with the detector material. For
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scintillators with simple shapes of high symmetry, an optical
method [6], based on an analytical calculation, was developed to
speed up the simulation. However, this method fails for the more
complicated geometry of the BESIII endcap TOF [7-9]. The MC code
PHOTON [10] supports simulation of optical photons in an arbi-
trarily complex geometry, but it is independent of GEANT4. In this
letter, we report our efforts trying to fully simulate optical photon
processes in a complicated geometry using GEANT4. To some
extent, our motivation and the solution are similar to the fast
simulation for calorimeters used by many experiments [11,12].
This GEANT4-based simulation model is applied successfully to the
endcap TOF and meets the requirements in both accuracy and
speed for the BESIII experiment, where billions of MC events have
to be produced every year using the BESIII Object-Oriented
Simulation Tool (BOOST) [13].

2. Geometry and material of the endcap TOF system

The endcap TOF system consists of twice 48 plastic scintillators
(BICRON BC404 [14]), located at the east and west side, respec-
tively, 1330 mm away from the interaction point (IP) along the
beam direction (chosen as the Z axis in the global BESIII coordinate
system), covering polar angles from 18.2° to 31.8° in the east side
and from 148.2° to 161.8° in the west side. Its structure is shown in
Fig. 1(a). For each single scintillator, as shown in Fig. 1(b), the length
of the trapezoid is 431 mm and the thickness is 48 mm. Widths of
top and bottom sides are 116.5 and 53.7 mm, respectively. The
center of a photomultiplier tube (PMT, Hamamatsu R5924 [15]) is
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Fig. 1. The geometry of the endcap TOF; (a) The endcap TOF system in the BESIII; (b) A single scintillator from different angles of view.

Table 1
The Property of Scintillator BC404.

Light yield Rise time Decay time

Pulse width (FWHM)

Refractive index Bulk light attenuation length

8500 photons/MeV 0.7 ns 1.8 ns 2.2 ns

1.58 1600 mm

placed 48 mm from the bottom and coupled to the scintillator by an
optical interface pad (BICRON BC-634A [16]). For better photon
collection efficiency, the bottom side is sloped at an angle of 45°.
Each scintillator is wrapped with enhanced specular reflector (ESR)
film with an average reflectivity of 98.5% (for wavelengths (1) of
photons in the region 390 < 2 <500 nm [17]).

3. GEANT4-based simulation model

The full simulation, including the exact description of the
geometry and material and all the physics processes involving
photons and particles, are implemented using GEANT4. In parti-
cular, optical photon processes in a scintillator with complicated
geometry can be accurately described by the well-established
electromagnetic theory. However, tracking all the optical photons
consumes so much time that it is not suitable for massive MC
production. Our GEANT4-based model does not track optical
photons but uses stored information obtained from the full
simulation to ensure both accuracy and speed. It mainly consists
of the following parts: transportation of incident particles, scintil-
lation, optical photon processes and PMT response.

3.1. Transportation of incident particles

The configuration of all the geometries and materials of the
BESIII detector is implemented in BOOST. Information about
incident particles is recorded in discrete steps along their trajec-
tories and both step size and energy loss are calculated auto-
matically in GEANT4, based on various interaction models. Thus
both the flight time (fzign:) and energy deposition in the scintillator
can be obtained.

3.2. Process of scintillation

The luminescence of a scintillator in response to the passage
of charged particles is approximately proportional to the energy
deposition. A non-linear effect known for high-density ionization is
described by the semi-empirical Birks’ Law [18]:

dc . dEjdx O
dx ~ "°1+xg dE/dx

where £ is the luminescence, and £ is the luminescence (or light
yield) at low specific ionization density and the constant
kg =0.015 cm/MeV is taken from Ref. [19].

The photon emission time (t.n;), consisting of fast and slow
components, can be sampled from the probability density function
[20]:

E(temit) =

1 e~ temit/T2 _ p—temit/T1 N &e’temn/TS @
1+R; Ty—Tq T3

where 71 and 7, are constants for the fast components, 73 is the
time constant for the slow component and R; is the ratio between
the fast and slow components. The timing of signals is determined
by the leading edge discrimination, hence the rise time 7; and the
decay time 7, are important parameters for the TOF simulation. We
uset; =0.7 nsand 7, = 1.8 ns, according to the properties of BC404
(see Table 1). The values of 73 =14.2 ns and R, =0.27 are taken
from Ref. [20].

Scintillation may occur at any time in a specific step. Thus
based on the assumption of uniform probability of scintillation in
this step, the term ty,, corrected to emission time (temi;) can be
written as

tstep =rXx AT (3)

where ris a uniform random number from 0 to 1 and AT is the time
inastep. AT is controlled by GEANT4 with a typical value of 0.01 ns.

3.3. Optical photon processes

Physics processes of the optical photons in the scintillator
include Rayleigh scattering, medium-boundary interactions
and absorption. The cross-section for Rayleigh scattering is small
for the plastic scintillator. Boundary processes include reflection
and refraction. Absorption follows an exponential behavior
with the bulk attenuation length of the scintillator as an input
parameter.

Optical photons are emitted isotropically from the point of
energy deposition in the scintillator and then propagate to the PMT.
The essential considerations are how many photons will eventually
reach the photocathode and what their arrival time distribution is.
Based on all this information obtained and stored from the full
GEANT4 simulation, we can precisely simulate optical photon
processes. Since storing the information for every point will require
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too much memory, in our model, the scintillator is divided into
small cells. Symmetries of the scintillator have been used to
reduce the number of cells. After optimizing in the global cylind-
rical coordinates of BESIII, we choose 43 bins along the 7 axis, six
bins along the qb axis and six bins along the Z axis , a total of 1548
cells in 3 dimensions, as shown in Fig. 2. In each cell, isotropic
photons are generated at uniform random positions in the full
simulation. Since the reflectivity of the ESR and the quantum
efficiency of the PMT vary slowly with wavelength [15,17], we use
their average values and generate optical photons with a fixed
wavelength (468 nm). Absorption of optical photons is considered
in the full GEANT4 simulation; the bulk attenuation length for the
scintillator BC404 is 1600 mm (see Table 1). The SMOOTH mode in
GEANT4 is used for the properties of surfaces of scintillators and
ESR based on the fact that scintillators are well-polished and it is
difficult to perform a direct measurement of the small roughness
after assembly.

The probability of photons reaching the photocathode of the
PMT (or the photon collection efficiency) in each cell is defined as
the ratio of the number of photons reaching photocathode to the
number of photons generated in this cell. The propagation time tp,,
is recorded in GEANT4 and defined as the time starting from the
photon generation to the photon’s arrival at the photocathode.
Propagation is limited to a time window of 20 ns. The information
described above is stored as a look-up table, indexed by the posi-
tion of a cell and recording the photon collection efficiency and
propagation time distribution. Fig. 3 shows a typical propagation
time spectrum in a cell. The phenomenon that several peaks existin
the time spectrum is caused by the complicated geometry of the
scintillator, where multiple reflections between the 45-degree
slope in the end near the PMT and other boundaries.
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Fig. 2. Partitioning of the endcap TOF geometry in 3 dimensions.

0.040
0.035
0.030
0.025
0.020
0.015

Normalized Entries

0.010

0.005

8 10 12 14 16 18 20
Propagation Time / ns

0.000 J .

o
N

ol
m_

Fig. 3. A typical propagation time distribution of optical photons in a cell.

3.4. PMT response

Since the fine-mesh structure of the PMT R5924 has a good pulse
linearity in the probable output current region [15], the PMT output
pulse height can be obtained by summing up all the signals from
single photoelectrons vy(t),

Npe
Vemr(t) = > vi(t). )
i=1
The final output signal is determined by including the pre-
amplifier as

Vf(t) = Gpre VPMT(t) (5)

where Gp(=10) is the gain of the preamplifier. The time ¢ of a
photoelectron at anode is given by

t = tgight + Lemit + Estep + Eprop + Leransit- (6)

The photon propagation time tp,, is sampled from the stored
distribution (see Fig. 3). tyansic is the transit time of the PMT R5924,
which is sampled from a Gaussian distribution with a mean of
teransic = 9.5 ns and a sigma of ,qnsi = 0.187 ns (see Table 2). The
number of photoelectrons Np, is determined from the number of
optical photons, the photocathode quantum efficiency and the
electron collection factor of the first dynode. Since the quantum
efficiency does not change much with wavelength in the photon
spectrum ranging from 390 to 500 nm (for BC404 [14]), we use its
average value of 22.4% in this model.

The time response function of a single photoelectron [6] is
introduced in order to simulate the time-walk effect due to leading
edge discrimination scheme applied in the BESIII TOF system,

t2e—t?/27?
[tZe-t2/27 dt

where Gy is the gain of the PMT at a certain high voltage, C is a
factor to convert charge to voltage and 7 is a constant related to the
rise time. T=3.0ns is determined by fitting the output pulse
(without preamplifier) of the PMT R5924.

We use 125 and 500 mV for the low-level (LL) and high-level
(HL) threshold, respectively, which are the same values as the
experimental data. The signal timing (TDC) is determined by the
moment when the PMT pulse crosses the LL threshold only if
the peak of the pulse height is larger than the HL threshold.

The charge (time-to-charge converter (QTC)) is determined by
the time integral of the V{t) and the resistance in the non-gated
QTC circuit Ry =61 Q [21],

[ V() dt

Vi(t) = Go Ce (7)

QTC =
3.5. Comparison of the simulation model and the full GEANT4
simulation

We have compared our simulation model with the full GEANT4
simulation in the global BESIII coordinate system. Muons (u~) with

Table 2
The property of Hamamatsu PMT R5924.

Photocathode Electron collection Quantum efficiency Rise
diameter factor (Average) time
39 mm 0.6 22.4% 2.5ns
Transit time Transit time spread Gainat1.0T

(FWHM)
9.5ns 0.44 ns 2.0x10°
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a momentum of 1.0 GeV/c travel from the IP towards different
positions of the endcap TOF. Four typical values of the polar
angle (0) are chosen by radius (R) positions of the first hit in the
scintillator, R=500, 600, 700 and 800 mm. The azimuthal angle ¢ is
uniformly distributed in the range (1.25°, 6.25°).

Figs. 4 and 5 show the results of QTC and TDC distributions from
the two simulations. We can see that at different hit positions, the
simulation model can reproduce the results from the full GEANT4
simulation. For one track hitting a scintillator, the average CPU time
is 5 s from the full simulation (Intel® Xeon® E5430@2.66 GHz); the
corresponding time is reduced to 0.1 s in our model, indicating that
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the speed of this simulation model is nearly 50 times faster than the
full simulation.

4. Comparison with BESIII experimental data

Using the simulation model, we generate MC samples and
compare them with the experimental data collected with the
BESIII detector at the BEPCII operating at the J/y/(1S) resonance
(v/s=3.097 GeV). Both the simulation sample and experimental
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Fig. 4. Compared QTC distributions at different hit positions: (a) R=500 mm, (b) R=600 mm, (c) R=700 mm, (d) R=800 mm.
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data are fully reconstructed in the BESIII Offline Software System
(BOSS) [22].

The TOF reconstruction efficiency is an important parameter for
experimental data and MC, which is defined by

€))

where N is the number of reconstructed tracks with |T%7e—
Texp| < 1.5 ns, TEUTe is the weighted average of measured times after
the calibration correction, Ty, is the expected time of flight and Ney,
is the number of extrapolated tracks which can hit the endcap TOF.
Both Tex, and hit positions (R-hit) are determined by Kalman filter
tracking and extrapolation in the Main Drift Chamber (MDC) [1].
Bhabha samples (ete~—ete~) are used since they offer high
statistics for the endcap TOF. Reconstruction efficiencies at different
hit positions for experimental data and MC are shown in Fig. 6.

The time resolution is another key parameter of the TOF system,
determined by a symmetric Gaussian fit to ot = T —Texp. Dimuon
events (ete~ — u™ u~) reflect the intrinsic time resolution perfor-
mance of the endcap TOF because muons interact much less than
other particles whilst passing through the complicated material
located in front of the endcap TOF. Time resolutions at different hit
positions for experimental data and MC are shown in Fig. 7.

For both reconstruction efficiency (Fig. 6) and time resolu-
tion (Fig. 7), the MC simulation agrees with experimental data.
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Fig. 6. TOF reconstruction efficiencies at different hit positions.
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Fig. 7. Time resolutions at different hit positions.
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Fig. 8. Time resolutions in different momentum regions.

The discrepancy of the reconstruction efficiency between data and
MC occurs at hit radii smaller than 60 cm, which is possibly due to
inefficient or poor tracking for charged particles with small polar
angles in the MDC.

The time resolution for hadrons is also compared using pions
from J/y — pm. Fig. 8 shows the variation of time resolution with
momentum. Nice agreement can be seen between experimental
data and MC.

5. Conclusion

We have developed a GEANT4-based MC simulation model,
which has proved to be reliable and fast in fully simulating the
optical photon processes in a complicated geometry. Using the
stored information of optical photons instead of tracing each
optical photon, this model accelerates simulation by about a factor
of 50 compared to the full GEANT4 simulation. It will also be
beneficial in other cases where the geometry of scintillators is
irregular and high speed and precision of simulation are required.
For a system consisting of many different scintillators, the required
disk space may be large, since light propagation information has to
be stored for each scintillator.
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